We present photometry and time-series spectroscopy of the nearby type Ia supernova (SN Ia) SN 2015F over −16 days to +80 days relative to maximum light, obtained as part of the Public ESO Spectroscopic Survey of Transient Objects (PESSTO). SN 2015F is a slightly sub-luminous SN Ia with a decline rate of ∆m 15 (B) = 1.35 ± 0.03 mag, placing it in the region between normal and SN 1991bg-like events. Our densely-sampled photometric data place tight constraints on the epoch of first light and form of the early-time light curve. The spectra exhibit photospheric C ii λ6580 absorption until −4 days, and high-velocity Ca ii is particularly strong at < −10 days at expansion velocities of ≃23000 km s −1 . At early times, our spectral modelling with syn++ shows strong evidence for iron-peak elements (Fe ii, Cr ii, Ti ii, and V ii) expanding at velocities > 14000 km s −1 , suggesting mixing in the outermost layers of the SN ejecta. Although unusual in SN Ia spectra, including V ii in the modelling significantly improves the spectral fits. Intriguingly, we detect an absorption feature at ∼6800 Å that persists until maximum light. Our favoured explanation for this line is photospheric Al ii, which has never been claimed before in SNe Ia, although detached high-velocity C ii material could also be responsible. In both cases the absorbing material seems to be confined to a relatively narrow region in velocity space. The nucleosynthesis of detectable amounts of Al ii would argue against a low-metallicity white dwarf progenitor. We also show that this 6800 Å feature is weakly present in other normal SN Ia events, and common in the SN 1991bg-like sub-class.
evidence for the accelerated expansion of the universe (Riess et al. 1998; Perlmutter et al. 1999) . Despite many years of research and the general agreement that the progenitor stars of SNe Ia are accreting carbon-oxygen (CO) white dwarfs in binary systems, the nature of the companion star (Maoz et al. 2014) , and the detailed physics of the explosion, remain uncertain.
The study of the outer layers of SN Ia ejecta can, in principle, provide important clues about the progenitor white dwarf and explosion physics by tracing the extent and amount of any unburnt material and the metallicity of the progenitor star (Höflich et al. 1998; Lentz et al. 2000; Walker et al. 2012; Maguire et al. 2012; Foley 2013; Mazzali et al. 2014) . In particular, early ultraviolet (UV) spectra are sensitive to the abundance of iron-group elements in the outermost layers, and can place important constraints on progenitor metallicity (Hachinger et al. 2013; Maguire et al. 2012; Foley 2013; Mazzali et al. 2014) . Any carbon detected in the outermost layers is particularly important, as carbon is the only element that could not be the result of thermonuclear burning, and can be directly associated with the original composition of the CO white dwarf. The amount and distribution of carbon can place strong constraints on the extension of the burning front and the degree of mixing during the explosion (Branch et al. 2003 ; Thomas et al. 2007; Parrent et al. 2012) .
These outer layers can only be studied with early spectroscopic observations. The unburned material can be detected as absorption lines of C ii in the optical (Parrent et al. 2011; Thomas et al. 2011a; Folatelli et al. 2012; Silverman & Filippenko 2012; Maguire et al. 2014; Cartier et al. 2014) , and of C i in the near-infrared (NIR; Höflich et al. 2002; Marion et al. 2006 Marion et al. , 2009 Hsiao et al. 2013 Hsiao et al. , 2015 Marion et al. 2015) . Recent studies have shown that at least 30 per cent of SNe Ia possess C ii absorption lines prior to maximum light (Thomas et al. 2011a; Folatelli et al. 2012; Silverman & Filippenko 2012; Maguire et al. 2014) .
Early spectra of SNe Ia also commonly exhibit 'high-velocity' (HV) features. These spectroscopic features correspond to absorption lines with expansion velocities much higher than the photospheric velocity, and usually greater than 15000 km s −1 , sometimes reaching 30000 km s −1 or higher at the earliest phases. The most common HV features are of Ca ii, which seem to be a ubiquitous phenomenon at early stages Childress et al. 2014b; Maguire et al. 2014; Silverman et al. 2015) . HV features of Si ii are rarer (see Marion et al. 2013; Childress et al. 2013; Silverman et al. 2015) , and HV features of other ions (S ii, Fe ii, C ii, O i) have also been claimed (Fisher et al. 1997; Hatano et al. 1999; Mazzali 2001; Branch et al. 2003; Garavini et al. 2004; Nugent et al. 2011; Marion et al. 2013; Cartier et al. 2014) .
Such high expansion velocities suggest that HV features are produced in the outermost layers of the SN ejecta. Therefore, it is reasonable to hypothesize that their origin is tightly linked to the progenitor system and/or the physics of the burning in the outermost layers of the white dwarf. HV features are ubiquitous in SN Ia spectra at about a week prior to maximum light Marion et al. 2013; Childress et al. 2014b; Maguire et al. 2014; Silverman et al. 2015; Zhao et al. 2015) , and decrease in strength with time (Maguire et al. 2014; Silverman et al. 2015; Zhao et al. 2015) . Possible explanations for HV features include density enhancements from swept-up (Gerardy et al. 2004) or distant (Tanaka et al. 2006 ) circumstellar material, abundance enhancements in the outermost layers of the ejecta , or variations of the ionization state in the outer layers due to non 'local thermodynamic equilibrium' (LTE) effects (Blondin et al. 2013) . Their origin remains a puzzle.
The advent of high-cadence wide-area sky surveys over the last ten years has meant that the quality and quantity of early SN discoveries has increased, and with it has come a wealth of early SN Ia spectroscopy. In this paper, we present spectroscopy and photometry of the nearby SN Ia SN 2015F. In Section 2, we introduce SN 2015F and describe the photometry and spectroscopy, beginning at −16.30 d relative to peak brightness and extending to +75.5 d past peak. We also estimate the distance to the host of SN 2015F (NGC 2442), the rise time, and the epoch of first light. In Section 3, we analyse the spectroscopic data, and in Section 4 we model the spectra using the syn++ code. We discuss our results in Section 5, and summarize in Section 6. Throughout, we assume a value for the Hubble constant of H 0 = 70 km s −1 Mpc −1 .
OBSERVATIONS
SN 2015F is located 43. ′′ 4 north and 86. ′′ 2 west of the centre of the nearby spiral galaxy NGC 2442, on the northern arm of NGC 2442, and was discovered on 2015 March 09.789 (all dates are UT) by Monard (2015) at α = 07 h 36 m 15. s 76, δ = −69
• 30 ′ 23. ′′ 0 (see Fig. 1 ). The unfiltered discovery magnitude was 16.8. SN 2015F was promptly classified as a young SN Ia by the Public ESO Spectroscopic Survey of Transient Objects (PESSTO) collaboration on March 11.00 (Fraser et al. 2015) . NGC 2442 is a SBbc galaxy with a recession velocity of 1466 ± 5 km s −1 in HyperLeda 1 , and the Milky Way reddening along the line-of-sight to SN 2015F is E(B − V) MW = 0.175 mag (Schlafly & Finkbeiner 2011) , corresponding to a V-band extinction (A V ) of ≃0.54 mag.
The classification of SN 2015F as a young SN sparked a detailed spectroscopic and photometric follow-up campaign, which we detail in this section.
Photometry
We used several instruments to obtain photometry of SN 2015F, the main characteristics of which are summarized in Table 1 . Data obtained with the European Southern Observatory (ESO) Faint Object Spectrograph and Camera (v2) (EFOSC2) on the New Technology Telescope (NTT) were reduced with the PESSTO pipeline described in detail in Smartt et al. (2015) , and the Las Cumbres Observatory Global Telescope Network (LCOGT) images were reduced using the Obsevatory Reduction and Acquisition Control Data Reduction pipeline (ORAC-DR Jenness & Economou 2015) . The reduction steps of the data obtained with the PROMPT telescopes are described in Pignata et al. (2011) .
A optical photometric sequence of stars around the SN was calibrated in the U BV and gri bandpasses against standard stars from the Landolt (1992) and Smith et al. (2002) catalogues, respectively. The magnitudes of the optical photometric sequence around SN 2015F (see Fig. 1 ) are presented in Table A1 in the Appendix. Point spread function (PSF) fitting photometry was performed on the SN frames using daophot (Stetson 1987) , and calibrated using the photometric sequence around the SN. The optical photometry of SN 2015F is in Table A2 .
The NIR data were obtained with the Son of Isaac (SofI) camera on the NTT, and were reduced using our own IRAF 2 scripts 7h35m00.00s 30.00s 36m00.00s 30.00s 37m00.00s to create a clean sky image, which we subtract from the science images. Pixel-to-pixel variations were removed by dividing the science images by a flat field image. We used scamp (Bertin 2006) to obtain an astrometric solution, and swarp (Bertin et al. 2002) to combine the dithered images into a single image. The NIR photometric sequence was calibrated by observing Persson et al. (1998) standard fields close in time and in airmass to the SN observations. The photometry of the NIR photometric sequence and of SN 2015F are presented in Tables A3 and A4, respectively. omy, Inc., under cooperative agreement with the National Science Foundation.
The U BV, gri and JHK s light curves of SN 2015F are shown in Fig. 2 . Fitting a polynomial to the B-band light curve of SN 2015F, we measure a decline rate of ∆m 15 (B) = 1.35±0.03 mag, and we estimate the epoch of maximum light as MJD 57106. 45 ± 0.02 d (2015 March 25.4) . Using the SiFTO light curve fitter (Conley et al. 2008) , we determine a stretch of s = 0.906 ± 0.005. A summary of the epoch of peak brightness, the peak magnitude, and the decline rate of the light curve (∆m 15 ) obtained from fitting a polynomial to the light curves of SN 2015F in each filter is presented in Table 2 .
In Table 3 we summarize the values of the host galaxy reddening along the line-of-sight to SN 2015F (E(B − V) host ), calculated from the optical colours (Phillips et al. 1999) , and V−NIR colours ( Krisciunas et al. 2004 ) of SN 2015F. The E(B − V) host values derived using different methods are in good agreement with each other, and the weighted average is E(B−V) host = 0.085±0.019 mag; the uncertainty corresponds to the standard deviation from the weighted average.
Distance to NGC 2442
We used the peak magnitudes of SN 2015F to estimate the distance to its host galaxy, NGC 2442 (Table 4) . We corrected the observed peak magnitudes for Milky way and host-galaxy extinction assuming a Cardelli et al. (1989) reddening law (with R V = 3.1). We estimated the absolute peak magnitudes of SN 2015F using the Phillips et al. (1999) and Kattner et al. (2012) (Riess et al. 2016 ). The 1σ uncertainty in H 0 corresponds to an uncertainty of ≃ 4 per cent in distance (0.1 mag). Table 4 also lists distance estimates from the literature, including Im et al. (2015) distance estimate to NGC 2442 also using SN 2015F. Im et al. (2015) measured a host galaxy extinction of E(B − V) host = 0.035 ± 0.033 mag, a peak magnitude of B max = 13.36 ± 0.10 mag, and a decline rate of ∆m 15 (B) = 1.26 ± 0.10 mag using snana (Kessler et al. 2009 ) to fit MLCS2k2 templates (Jha et al. 2007 ) to their observed data of SN 2015F. These light curve parameters are consistent with our values at the 1-to 2-σ level.
Our mean distance modulus in the optical (BV-filters) is µ optical = 31.64 ± 0.14, and in the NIR (JH-filters) is µ NIR = 31.68 ± 0.11, where the uncertainties include filter-to-filter peak magnitude covariances. These are in excellent agreement, and are consistent with the Tully et al. (2009) distance estimation based on the Tully-Fisher relation. Our mean distance estimates in the optical and NIR are 1.7-and 1.8-σ discrepant from the Im et al. (2015) distance modulus value, respectively. Im et al. (2015) quote an uncertainty of 0.04 mag in the distance modulus to NGC 2442, which appears underestimated when compared with their quoted uncertainty in the B-band peak magnitude (0.10 mag), and the typical dispersion in the absolute magnitudes of SNe Ia in the optical (0.12 to 0.16 mag; Folatelli et al. 2010 ).
Rise time and Epoch of First Light
Early observations are fundamental to place constraints on several properties of SNe Ia, such as the time of the explosion (Nugent et al. 2011; Hachinger et al. 2013; Zheng et al. 2013; Mazzali et al. 2014; Goobar et al. 2014; Zheng et al. 2014; Marion et al. 2016; Shappee et al. 2016) , the radius of the progenitor (Nugent et al. 2011; Bloom et al. 2012) , and to search for signs of, or rule out an interaction of the SN ejecta with a companion star (Kasen 2010; Hayden et al. 2010; Bianco et al. 2011; Brown et al. 2012; Goobar et al. 2014; Cao et al. 2015; Olling et al. 2015; Goobar et al. 2015; Im et al. 2015; Marion et al. 2016; Shappee et al. 2016) . Here, using the early V-band observations of SN 2015F, we place strong constraints on the epoch of first light, the time when the first photons diffuse out from the SN ejecta. Recent very early abundance tomography of SN 2010jn (Hachinger et al. 2013 ) and SN 2011fe (Mazzali et al. 2014) shows that this estimated epoch of first light is in tension with the time of the explosion derived from spectral modelling, implying a dark phase for these two SNe of the order of ≃ 1 d between the time of the explosion and the emergence of the first photons. A non-detection of SN 2015F in the R-band was reported by Im et al. (2015) on MJD 57088.511, and the first unambiguous detection (>3-σ) on MJD 57089.463, 22.84 h later. Im et al. (2015) also discuss a possible 2-σ detection of emission from the cooling of the shocked heated ejecta (Piro et al. 2010; Rabinak & Waxman 2011) around three days before the first clear detection. Here, we report 3-σ non-detections to a limiting magnitude of 19.017 and 18.709 in the V-band on MJD 57089.073 and MJD 57089.184, 9.35 h and 6.69 h before the first detection of Im et al. (2015) in the R-band. Our first detection of V = 18.055 ± 0.101 is on MJD 57090.124, 15.87 h after the first detection of Im et al. (2015) , and 22.56 h after our last non-detection.
We use a parameterization of f model = α(t − t 0 ) n to fit the rising V-band light curve, described in detail in Firth et al. (2015) , where t 0 is the time of first light, α is a normalizing coefficient, and n is the index of the power law. The case of n = 2 is known as the 'expanding fireball' model (e.g., Riess et al. 1999 ). The early Vband light curve, together with the best fit model, is shown in Fig. 3 .
We find best fit parameters of t 0 = 57088.394 Law et al. 2009; Rau et al. 2009) observed in the R P48 -band, and from La Silla-QUEST (Baltay et al. 2013) in the broad (g+ r)-band (see Baltay et al. 2013; Cartier et al. 2015) , aret rise = 18.98 ± 0.54 d, andn = 2.44 ± 0.13. Firth et al. (2015) showed that the t rise and n in the (g + r)-band is very similar to an optical pseudo-bolometric optical light curve and the R P48 -band has a t rise longer by 0.39 d. Firth et al. (2015) also find that t rise is longer by 0.79 d and n is larger by 0.1 in the V-band, compared to an optical pseudo-bolometric light curve. After applying these corrections, the t rise found for SN 2015F is close to the mean value of Firth et al. (2015) sample, and n is ∼2 σ lower than the mean value, although still within the range of values found by Firth et al. (2015) .
The early photometry of SN 2015F does not show any evidence of shock cooling, such as an excess emission or bluer than normal colours, produced by the interaction of the SN ejecta with a companion star as in SN 2012cg (Marion et al. 2016 ). We will analize in detail possible progenitor scenarios of SN 2015F using the very early phase data presented here in a future work.
Spectroscopy
We obtained optical spectra of SN 2015F with EFOSC2/NTT, with the Robert Stobie Spectrograph (RSS Kobulnicky et al. 2003) on the Southern African Large Telescope (SALT), with WiFeS (Dopita et al. 2010 ) on the Australian National University (ANU) 2.3-m Telescope, and with the FLOYDS spectrograph on the 2-m Faulkes Telescope South (FTS) at the Siding Spring Observatory. The EFOSC2 spectra were reduced as described in Smartt et al. (2015) , and the FLOYDS data were reduced with the floydsspec pipeline 3 . The RSS is a long slit spectrograph, the spectra of SN 2015F were reduced using the pysalt pipeline which is described in detail in Crawford et al. (2010) . WiFeS is an integral field unit spectrograph, one dimensional spectra were reduced and extracted from the data cube using a PSF-weighted fit using pywifes pipeline (Childress et al. 2014a ). In Table 5 we summarize the optical spectroscopic observations of SN 2015F. We correct all our spectra for Galactic extinction using a Cardelli et al. (1989) extinction law with R V = 3.1, and convert to the rest-frame using the recession velocity of the host galaxy. All reduced PESSTO data will be available from the ESO Science Archive Facility in Spectroscopic Survey Data Release 3 (SSDR3), due for submission in late 2016. Details will be posted on the PESSTO website 4 . All our spectra are available from the WISeREP archive 5 (Yaron & Gal-Yam 2012) .
SPECTROSCOPIC ANALYSIS
In Fig. 4 we show the spectral sequence of SN 2015F spanning −14 to +35 d (throughout, all phases are given relative to maximum light in the rest-frame B-band). The overall characteristics of SN 2015F are those of a normal, if slightly sub-luminous, SN Ia, with properties particularly similar to SN 2004eo (see Fig 2) , a transitional object between normal and sub-luminous SNe Ia (Pastorello et al. 2007 ). The ratio of the pseudo-equivalent widths (pEW) of the Si ii λ5972 and Si ii λ6355 features (R(Si ii); see Nugent et al. 1995; Bongard et al. 2006; Hachinger et al. 2008 ) is R(Si ii) = 0.31, measured from the spectrum obtained at +2 d. For our ∆m15(B) = 1.35, this is consistent with published relationships between R(Si ii) and ∆m 15 (B) (e.g., Benetti et al. 2005; Blondin et al. 2012 ).
Expansion velocities of Si II
In 
Comparison to other SNe Ia
We next compare in detail the spectra of SN 2015F to other SNe Ia from the literature. We focus our analysis at phases earlier than −10 d, and also make a comparison to sub-luminous SN 1991bg-like SNe Ia.
Comparison at −14 days
The top-left panel of Fig. 6 compares the first spectrum of SN 2015F at −14 d, with SN 2011fe and SN 1990N at a similar phase. We also show the spectra of SN 2011fe at −16.6 d and −16.3 d (Nugent et al. 2011) . SN 2011fe is a normal brightness SN Ia (∆m 15 (B) = 1.10; Pereira et al. 2013 ) while SN 1990N is relatively bright among the group of normal (i.e., non SN 1991T-like) SNe Ia, with ∆m 15 (B) = 1.03 (Lira et al. 1998 ). Most of the spectral differences can be explained as a mere temperature effect. SN 1990N is brighter/hotter, and shows fewer features in its spectrum, SN 2011fe is at an intermediate luminosity and shows a broadly similar spectrum to SN 2015F, while SN 2015F itself is fainter/cooler and shows more absorption lines below 5500 Å due to singly ionized iron-peak elements. The top-right panel of Fig. 6 shows the same spectra in the region around the C ii λ6580 and λ7234 lines. In SN 2011fe, a photospheric component of both of these C ii lines is clearly observed at ≃13000 km s −1 (studied in Parrent et al. 2012) . In SN 1990N, the lines have also been reasonably securely identified (e.g., Mazzali 2001). Fisher et al. (1997) proposed that the flat-bottomed absorption feature at ∼6000 Å could also be due to C ii λ6580, this time at high velocity. Although Mazzali (2001) showed that Si ii is responsible for most of this feature (and in particular the extended blue side; see also Mazzali et al. 1993) , an additional explanation may be needed for the red side, which could include a carbon shell at 20000 km s −1 . The SN 2015F spectrum also shows clear absorption to the red side of the Si ii λ6355 line, consistent with C ii λ6580 at ∼ 13000 km s −1 , a velocity similar to the photospheric C ii lines in SN 2011fe at the same phase (Parrent et al. 2012) . The corresponding photospheric C ii λ7234 can also be seen, although this feature is not strong in SN 2015F.
A broad absorption feature at ∼ 6800 Å is very clear (top-right Fig. 6 ). Possible identifications include photospheric Al ii, or C ii λ7234 at 20000 km s −1 . There is no indication of a corresponding C ii λ6580 at about 20000 km s −1 , although the inclusion of C ii in our modelling yields a slightly better fit to the red side of the Si ii λ6355 absorption line (see also Cartier et al. 2014) . We model the spectra in detail in Section 4, where we consider both possibilities.
Comparison at −11 days
The lower-left panel of (Pastorello et al. 2007; Mazzali et al. 2008) . A strong feature in all the spectra is the broad Ca ii NIR triplet, extending from ∼10000 to ∼25000 km s −1 (see Section 3.3), with Ca ii HK also visible where the spectra extend to the blue. An apparent evolution in the shape and strength of the spectral features with brightness/temperature (∆m 15 (B)) is seen in the region dominated by iron-peak elements (wavelengths bluer than ∼ 5500 Å) and in the Ca ii NIR triplet; however, overall there is a remarkable degree of spectral similarity in this sample of LVG SNe Ia.
In Fig. 6 we also show the region around C ii λ6580 and 
Comparison with SN 1991bg-like type Ia SNe
SN 2015F has some similiarities with SN 2004eo (Fig. 2 and  6 ), a transitional object between normal and sub-luminous SNe Ia (Pastorello et al. 2007; Mazzali et al. 2008) . The SN Ia sub-luminous class, often referred to as SN 1991bg-like SNe, are characterized by a fast decline in their light curves (Filippenko et al. 1992) , somewhat lower expansion velocities compared to normal SNe Ia (Hachinger et al. 2009; Doull & Baron 2011) , a small amount of 56 Ni synthesized during the explosion (Mazzali et al. 1997; Höflich et al. 2002; Hachinger et al. 2009 ), and clear Ti ii lines around maximum light (Filippenko et al. 1992; Mazzali et al. 1997; Garnavich et al. 2004; Taubenberger et al. 2008; Doull & Baron 2011) . Fig. 7 compared SN 2015F to a group of well-observed SN 1991bg-like events. Although SN 2015F at -13 d has higher expansion velocities than SN 1991bg-like SNe, with SN 2015F 3000 4000 5000 6000 7000 8000 9000 10000 11000
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. The spectral sequence of SN 2015F. In black we show the spectra obtained with EFOSC2/NTT with PESSTO, in red the spectra obtained using the RSS spectrograph on SALT, in magenta the spectra obtained with WiFeS on the ANU 2.3-m, and in blue the spectra obtained using FLOYDS on the Faulkes Telescope South by the LCOGT network. The phase of the spectrum relative to maximum light in the B-band is shown on the right. The position of the main telluric features are also marked. In all figures, the spectra have been corrected for galactic extinction, aditionally SN 2015F has been also corrected by host galaxy extinction (Section 2.1).
showing very broad features formed by the blending of several lines, it shares some spectral resemblance to SN 1991bg-like events over 3900-5000 Å. This similarity is a consequence of absorption lines of iron-peak elements such as Ti ii, V ii and Cr ii, with some of these ions commonly identified in SN 1991bg-like SNe (see Doull & Baron 2011) .
In Fig. 7 we overplot the spectrum of SN 2015F at -6 d on top of the -13 d spectrum to highlight the evolution of the spectral features. We show in detail the blue part of the spectra, which are dominated by lines of iron-peak elements. In contrast to the spectrum obtained at -13 d that shows Ti ii, V ii, and Cr ii lines, by -6 d lines of Fe iii and Si iii are present, commonly seen in normal SNe Ia and which imply a higher ionization of the SN ejecta compared to previous epochs. Fig. 7 also shows a comparison focussed on the 6800 Å feature. Although sometimes weak, this always appears present in SN 1991bg-like objects. The presence of Ti ii and Cr ii, associated with a low ejecta temperature, may also suggest that the 6800 Å feature is a product of a low ejecta temperature. However, we note that this feature is also present at -6 d and -4 d in SN 2015F, when there are also clear lines of doubly-ionized species (Fe iii, Si iii), implying a relatively high ejecta temperature. Thus temperature is unlikely to be the only parameter that explains the 6800 Å feature.
The overall appearance of the spectra of SN 2015F around maximum light shows that although SN 2015F shares some similarities with SN 1991bg-like SNe, it should be considered as a member of the group of normal SNe Ia. 
Ca II high-velocity features
The Ca ii high velocity (HV) features are strong in the very early spectra of SN 2015F, dominating the Ca ii features until a week before maximum light. After these phases the photospheric component becomes dominant, and the HV component disappears around maximum light. In Fig. 8 we show the Ca ii H&K and the NIR triplet in velocity space for the −14 d to −11 d spectra. For Ca ii H&K, the expansion velocity is calculated with respect to the average wavelength of the H&K lines (3951 Å), while for the NIR triplet the velocity is with respect to the strongest line (8542 Å). Following Childress et al. (2013 Childress et al. ( , 2014b , Maguire et al. (2014) and Silverman et al. (2015) , we fit Gaussian profiles to the Ca ii lines, defining a pseudo-continuum on either side of the profile, and using it to normalize the spectrum. To model the Ca ii NIR feature, we used both HV and photospheric components each composed of three Gaussian profiles with fixed relative positions and a common width. We allowed the relative strength of the three lines to vary, but to be the same for both components. The best-fitting parameters are listed in Table 6 and are shown in Fig. 8 . The relative strengths are similar across the different epochs, and close to the theoretical values expected from atomic physics.
The Ca ii H&K region is more complex due to additional photospheric Si ii at λ3856, coupled with blanketing from iron-peak elements that makes the definition of the pseudo-continuum less reliable. Following Maguire et al. (2014) and Silverman et al. (2015) , we modelled each pair of Ca ii H&K lines using two Gaussians where the relative positions and their widths were fixed, and the relative strength of the two Gaussians fixed to unity. We consider the HV and photospheric Ca ii components, the Si ii λ3856 line, and a weak feature at ∼3600 Å, possibly caused by the blending of several lines of iron-peak elements (the feature can be seen at ≃27000 km s −1 in Fig. 8) . We fixed the position of the Si ii λ3856 line to be within 5 per cent of the photospheric velocity of the Ca ii NIR line, and the velocity of the Ca ii H&K HV and photospheric components to be within 10 per cent of the values from the Ca ii NIR lines.
The Si ii feature is required in our fits from −11 d. The weak feature at ∼3600 Å is blended with the Ca ii H&K line at early stages, but around maximum light the feature becomes more detached, becoming an independent feature on the blue side of the H&K profile around peak brightness. The extension of the Ca ii material reaches a velocity of ∼29000 km s −1 in the very outermost layers of SN 2015F. and 7350 km s −1 , respectively, consistent with previous studies using larger samples (Maguire et al. 2014; Silverman et al. 2015) .
Velocity evolution of Ca II
The HV Ca ii component shows a dramatic velocity evolution over −14 d to −11 d, evolving from 23000 km s −1 to 19500 km s −1 in three days. It then plateaus, decreasing only ∼ 500 km s −1 over the next five days. This plateau is coincident with a transition from equally strong HV and photospheric components, to a dominant photospheric component (see Table 6 ). After −6 d, the velocity of the HV Ca ii again declines more rapidly.
We find a very good agreement between the Si ii λ6355 velocity (measured from the minimum of the feature) and the Ca ii photospheric velocities (measured with the Gaussian fitting), remarkable as the techniques are quite independent. Only at epochs prior to −11 d do we see a departure in the behaviour of the Si ii velocity from the Ca ii photospheric velocity, with the Si ii showing a shallower evolution; this may be the result of contamination from HV C ii λ6580 moving the minimum of the line profile to redder wavelengths.
Finally, we see a different behaviour in the velocity evolution of the HV Ca ii and photospheric lines, and the 6800 Å absorption feature (Fig. 9 ) While the other lines show a consistent evolution, the 6800 Å feature shows a evolution similar to a plateau with a small slope. We note that the velocity measurement at −6 d is hampered by a nearby telluric line, and at later epochs the minimum of the feature is strongly affected by telluric absorption. Childress et al. (2014b) defined R HVF as the ratio between the pEWs of the HV and photospheric Ca ii NIR components. In Table 6 we list the evolution of R HVF as function of phase. The HV component is dominant over the photospheric feature from −13 to −11 d, and then declines in strength. At phases later than −10 to −7 d, the 'photospheric' Ca ii component begins to dominate. Close to maximum light, SN 2015F has R HVF ≃ 0.23 consistent with the results of Childress et al. (2014b) and Maguire et al. (2014) . In particular, the R HVF value for SN 2015F, and its ∆m 15 (B) = 1.35, perfectly fits in figure 2 of Childress et al. (2014b) . as lower left, but focussing on the spectral region around C ii λ6580 and λ7234. In the right panels, the grey region marks the position of photospheric C ii at an expansion velocity of 10000-14000 km s −1 . 
Strength of the Ca II features

C II in SN 2015F
In Fig. 10 , we present the spectral sequence of SN 2015F around the C ii λ6580 and λ7234 lines in velocity space, compared to SN 2011fe. The C ii λ6580 photospheric absorption is detected until −4 d at velocities similar to Si ii (see Fig. 9 ), although the measurement is difficult at phases prior to −10 d as the feature does not have a well defined minimum; see Fig. 10 ). We also note that around maximum light, the Si ii λ6355 line becomes stronger while the C ii lines become weaker; thus P-Cygni emission from Si ii may affect the C ii feature by moving the minimum to redder wavelengths (lower velocities).
Fig. 10 also presents a spectral sequence showing the evolution of the ∼ 6800 Å absorption feature. One interpretation for this feature is that it is HV C ii, which we discuss in Section 5.2.
SPECTRAL MODELLING
We next investigate whether simple spectral modelling can assist with further identification of the lines in the spectra of SN 2015F. We used syn++ (Thomas et al. 2011b) , an updated version of synow (Fisher et al. 1997) , to model the spectra. The physical assumptions of syn++ match those of synow (Fisher 2000) , so our findings are restricted to the identification of features and not quantitative abundances.
In Fig. 11 we show the spectrum of SN 2015F at −13 d along with a syn++ model that reproduces the main spectroscopic features reasonably well. We assumed a photosphere expanding at a velocity of 12000 km s −1 and a black body temperature of 9500 K, and allowed various individual ions to be detatched from the photosphere; Table 7 lists the velocities and e-folding length scales of the main ions in our models at three representative phases; -13 d, -11 d and -4 d. We note that to reproduce the -13 d spectrum over the region from 4000 to 5000 Å, we required V ii, Ti ii, Cr ii and a significant amount of Fe ii at 14800 km s −1 . The lines of these iron group elements are therefore produced at a significantly higher velocity than the photosphere, and the e-folding length-scale of Fe ii is relatively large (2300 km s −1 ). This suggests that iron-group material extends well beyond the photosphere, possibly reaching expansion velocities of ∼ 20000 km s −1 . In Fig. 11 , we also present various syn++ models with different combinations of the iron group lines to show the contribution of these ions in the final model.
In Fig. 12 we overplot our syn++ models on top of the first four spectra of SN 2015F, and focus on the blue part of the spectra, which are dominated by lines of iron-peak elements. At -14 d and -13 d, the features are very broad, and the spectra exhibit strong absorption features from 3900-4500 Å mainly produced by ironpeak elements. At -12 d the strength of the V ii, Ti ii and Cr ii lines begin to decrease. At -11 d the line profiles become narrower, and the features produced by V ii, Ti ii and Cr ii are no longer clear. Lines of Fe iii, and possibly Si iii, begin to appear.
The strong absorption at ∼6800 Å can be reproduced by a HV C ii component at 20000 km s −1 , or by photospheric Al ii at a velocity of 13000 km s −1 . For the HV C ii component, we adjusted T ext = 14000 K to make the HV C ii λ7234 line stronger than the HV C ii λ6580 line, thus mimicking as closely as possible the profile in the SN 2015F spectrum. However, as for the R(Si ii) ratio, non-LTE effects may play a role (see Nugent et al. 1995; Hachinger et al. 2008 ). These are not captured by the LTE assumption of syn++, and therefore the T ext used for the HV C ii component might not be a reliable estimation of the true value. Even after this adjustment in T ext , the HV C ii only partially reproduces the strong absorption feature seen at ∼6800 Å. A stronger HV component of C ii λ7234 and C ii λ4267 may yield a better model of the ∼6800 Å and the ∼4030 Å absorption features, respectively.
A combination of a HV C ii component and of Al ii line is also a possibility to explain the ∼ 6800 Å feature, but in terms of syn++ modelling difficult to disentangle since it yields similar results to the models displayed in Fig. 11 .
DISCUSSION
The previous sections have presented a high-quality time-series of spectra and photometry of the nearby type Ia SN 2015F. Our data make it one of the best observed SNe Ia at early times, and the early spectroscopic coverage have allowed us to study the outer layers of the SN ejecta in detail. In particular, these data provide evidence for either photospheric Al ii or high-velocity C ii, as well as iron-peak elements in the outer layers. We discuss these in turn.
Photospheric Aluminium
Our favoured explanation of the ∼ 6800 Å spectral feature in SN 2015F is photospheric Al ii (see Section 4), expanding at a velocity of ∼ 13000 km s −1 (Fig. 9) . The Al ii material has to be con- fined in a relatively narrow range of velocity, as the ∼ 6800 Å feature does not appear to evolve in velocity over 16 days (Fig. 10) . However, we caution that the feature is quite weak and is affected by telluric absorption; a definitive statement about the velocity evolution is difficult to make. Aluminium in SNe Ia has not been commonly reported in the literature. To our knowledge, the only previous claim was in the peculiar '.Ia' (Bildsten et al. 2007 ) candiate SN 2010X (Kasliwal et al. 2010) . 27 Al is the only stable aluminium isotope, which according to nucleosynthesis calculations is ∼ 10 3 more abundant than the radioactive 26 Al isotope (Iwamoto et al. 1999; Seitenzahl et al. 2013 ). However, the expected mass fraction of 27 Al in SNe Ia is relatively low, only 10 −3 to 10 −2 times the total mass of 28 Si (Iwamoto et al. 1999; Seitenzahl et al. 2013) , the latter being the most abundant silicon isotope in SNe Ia.
Given this low predicted abundance of Al, strong Al ii features seem unexpected. The yield of 27 Al obtained from the W7 (Nomoto et al. 1984 ) nucleosyntheis models of Iwamoto et al. (1999) , and the three-dimensional N100 delayed-detonation models of Seitenzahl et al. (2013) , predict a strong dependence of the abundance of 27 Al on metallicity. A change from zero to solar metallicity in the progenitor white dwarf produces an increase of an order of magnitude in the yield of 27 Al by mass. As a comparison, the abundances of 12 C and 28 Si remain essentially flat as function of progenitor metallicity. Thus a relatively metal-rich progenitor may help to explain the presence of Al in SN 2015F.
In Section 3.2 we noted the common presence of the ∼ 6800 Å feature in SN 1991bg-like SNe. This class appears to explode in more massive, higher metallicity galaxies; we also note the nondetection of this feature in SN 2011fe which seems to be the result of a sub-solar metallicity progenitor (see Mazzali et al. 2014) . As SN 1991bg-like SNe exhibit lower photospheric temperatures than normal SNe Ia, in principle, the presence of the Al ii lines could be explained by a temperature effect and not as a metallicity effect. However, in the case of SN 2015F a temperature effect can be ruled out by the simultaneous detection of the ∼ 6800 Å feature with Si iii lines, which are a signature of a hot SN ejecta, and are strong at -6 d and -4 d (see Section 3.2.3).
Carbon material
A second explanation for the ∼ 6800 Å feature is high-velocity (HV) C ii λ7234; photospheric C ii is clearly detected. This suggests that the outermost layers ( 18000 km s −1 ) of SN 2015F are mostly unburned, consistent with the Mazzali et al. (2014) model for SN 2011fe, in which the outermost layers of the SN ejecta (>19400 km s −1 ) are unburned, and are composed mainly of carbon. The fact that SN 2015F has a faster decline rate than SN 2011fe, and is thus a dimmer/cooler event, suggests a less efficient burning, and perhaps an even larger amount of unburned material in the outer layers than in SN 2011fe.
In recent delayed-detonation models (Seitenzahl et al. 2013 ), the outermost layers of the ejecta (v exp >20000 km s −1 ) are mostly composed of carbon and oxygen, and this may explain any HV C ii. Nevertheless, we do not see a correspondingly strong HV O i line in SN 2015F. In Seitenzahl et al. (2013) , carbon could also be present down to about 10000 km s −1 , which may explain photospheric C ii in SN 2015F (but see also Mazzali et al. 2014) .
Under the assumption that the 6800 Å absorption feature corresponds to HV C ii λ7234, we show its velocity evolution in Figs. 9 and 10. The first spectrum of SN 2015F has lower signal-to-noise ratio implying a larger uncertainty in the minimum of the feature, located at ≃16900 km s −1 (6828 Å). The feature evolves getting weaker and moving to redder wavelengths with time. We measured the minimum of this absorption feature at phases < −6 d (note the measurement is affected by telluric on the red side; see Fig. 10 ), Figure 11 . The −13 d spectrum of SN 2015F (black line) along with various syn++ models (see Section 4 for details). The red line corresponds to a syn++ model that includes photospheric Al ii expanding at a velocity of 13000 km s −1 , and iron-peak elements (V ii, Ti ii, Cr ii, and Fe ii) expanding at a velocity of 14800 km s −1 . The blue line corresponds to a similar base model, but now includes a HV C ii component expanding at a velocity of 20000 km s −1 , and not Al ii. To show the contribution of iron-peak elements, we present the same base model but computed excluding Ti ii (orange dot-dashed line), V ii (magenta dotted line), and excluding Ti ii, V ii, and Cr ii (cyan dashed line). In these models we do not include HV C ii or Al ii. The inset shows the region around the C ii lines and the ∼ 6800Å feature. The grey regions mark the position of the photospheric C ii lines moving at 10000-14000 km s −1 . The ions responsible for prominent spectral features are indicated on the figure. The spectrum of SN 2015F is corrected by Milky Way and host galaxy reddening. and we show its expansion velocity in Fig. 9 . The feature appears confined to a narrow range in velocity space from ≃18700 km s −1 to ≃17000 km s −1 , but is persistent, and is still present in the spectrum at +2 d. The feature is also observed in SN 2007af at slightly higher velocities until −4 d, and then disappears.
The possibility that the HV features of C ii and Ca ii are produced close in velocity space may suggest a common origin for the HV material (see Fig. 9 ). HV Ca ii features exhibit a plateau in their velocity evolution between −10 and −4 d (Fig. 9) . At the same phase, the velocity measured for the possible HV C ii λ7234 feature is similar, but slightly lower.
Iron-group elements in SN 2015F
Using syn++ to model the spectra of SN 2015F (see Section 4), we have identified lines of Ti ii, V ii, Cr ii, and Fe ii expanding at ≃14800 km s −1 . This implies a non-negligible amount of irongroup elements in the region between 15000 to 20000 km s −1 of the SN ejecta. Hatano et al. (1999) reported strong Fe ii absorptions in the −12 d spectrum of SN 1994D at ∼4300 and ∼4700 Å, and included in their synow model a HV Fe ii component extending from 22000 km s −1 to 29000 km s −1 , to reproduce these features.
Strong and broad lines of iron-peak elements at such highexpansion velocities are generally unexpected in SNe Ia, since the pre-expansion suffered by the layers at higher velocities than 10000 to 13000 km s −1 will decrease the density too much to burn the material to iron-peak elements. Only in the case of a rapid tran- Figure 12 . Early time spectra of SN 2015F (black line) along with various syn++ models (see Section 4 for details). The red line corresponds to our best syn++ model that includes iron-peak elements (V ii, Ti ii, Cr ii and Fe ii). To show the contribution of iron-peak elements, we present the same base model but computed excluding Ti ii (orange dot-dashed line), V ii (magenta dotted line), and Ti ii, V ii, and Cr ii (cyan dashed line). In these models we do not include HV C ii or Al ii. The ions responsible for prominent spectral features are indicated on the figure. sition in the burning speed front, from a sub-sonic deflagration to a super-sonic detonation, would the flame burn the outermost layers (v exp >13000 km s −1 ) to iron-peak elements, yielding mainly radioactive 56 Ni and not enough IMEs to reproduce the characteristic spectral features of normal SNe Ia. The decay of 56 Ni mixed in the outermost layers can then heat the ejecta, producing strong lines of doubly-ionized species such as Fe iii and Si iii as in the brightest SNe. In the earliest spectra of SN 2015F (< −12 d), this is not observed; by contrast, SN 2015F exhibits a spectrum dominated mainly by singly-ionized species (Fe ii, Si ii, S ii, Ca ii), consistent with a normal or relatively low ejecta temperature. At later phases, from about −11 d, SN 2015F begins to exhibit Si iii λ4560 and Si iii λ5540 lines, now suggesting heating from the decay of radioactive material mixed in the outer layers of the SN ejecta.
The absorption features produced by iron-group elements in the very early spectra of SNe Ia could be explained by iron-peak elements synthesized during the SN explosion and mixed to the outermost layers of the SN ejecta, or as absorptions of iron-peak elements present in the white dwarf surface at the moment of the explosion (see Lentz et al. 2000) -or a combination of both. Recent three-dimensional delayed detonation models predict that freshly synthesized iron-peak elements are located mainly at intermediate velocities (∼3000 to 10000 km s −1 ; Seitenzahl et al. 2013 ), the latter not corresponding with the observations of SN 2015F. However, Seitenzahl et al. (2013) remark that models with a strong (turbulent) deflagration phase, which are rather symmetric under rotation on large scales, exhibit strong inhomogeneities in the burning products on small scales. This may explain pockets of iron-peak material, observed at high-velocity, mixed in the outermost layers as in the case of SN 2015F.
To disentangle the metallicity of the progenitor from the fraction of freshly synthesized iron-group elements mixed to the outermost layers would require a detailed modelling using the abundance tomography technique (Stehle et al. 2005; Mazzali et al. 2005; Tanaka et al. 2011; Hachinger et al. 2013; Mazzali et al. 2014) . This is beyond the scope of this paper, and will be the subject of a future article.
SUMMARY
We have presented spectroscopic and photometric data for the nearby type Ia supernova SN 2015F, obtained as part of PESSTO. In particular, (i) We show that SN 2015F is a normal, low-velocity gradient (LVG) SN Ia. The values of the parameters R(Si ii) (Section 3.1) and R HVF (Section 3.3.2) are consistent with its decline rate (∆m 15 (B) = 1.35 ± 0.03).
(ii) We find moderate host galaxy reddening of E(B − V) host = 0.085 ± 0.019 mag. Assuming H 0 = 70 ± 3.0 km s −1 Mpc −1 , and the decline rate/peak luminosity calibrations of Phillips et al. (1999) and Kattner et al. (2012) , we estimate µ optical = 31.64 ± 0.14, and µ NIR = 31.68 ± 0.11.
(iii) We model the Ca ii H&K and NIR triplet profiles to estimate the expansion velocity and pseudo equivalent-widths of the photospheric and high-velocity componets. We find that the highvelocity Ca ii reached an expansion velocity of ≃23000 km s −1 , decreasing to ≃16500 km s −1 just after maximum brightness. The expansion velocity of the photospheric Ca ii component ranges from ∼14500 km s −1 at −14 d to ∼10300 km s −1 at maximum light. (iv) We identify photospheric C ii material moving at ≃14000 km s −1 at the earliest epochs, which remains detectable until −4 d at an expansion velocity of ≃11000 km s −1 . (v) We identify a broad absorption feature at ∼6800 Å, previously unremarked upon in normal SNe Ia. We offer two possible explanations for this feature (Section 4): our favoured scenario is that it is produced by photopsheric Al ii λ7054 expanding at 13000-11000 km s −1 . An overabundance of Al ii relative to other SNe could be the result of a relatively high metallicity of the progenitor (Section 5.1). An alternative scenario is that it is produced by high-velocity (HV) C ii λ7234 expanding at 20000-18000 km s −1 (see Section 5.2). The ∼6800 Å feature is also common in SN 1991bg-like SNe.
(vi) We use syn++, to model the spectra of SN 2015F. We find lines of Fe-peak elements such as Ti ii, V ii, Cr ii, and Fe ii expanding at high velocity (> 14800 km s −1 ) in the outermost layers of the SN. The inclusion of V ii improves significantly our syn++ models at early times (-14 d and -13 d) .
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